A procedure for efficient three-dimensional nonlinear time-history analysis of steel framed buildings is derived. It incorporates two types of nonlinear beam elements-the plastic hinge type and the elastofiber type-and nonlinear panel zone elements to model yielding and strain-hardening in moment-frames. Floors and roofs of buildings are modeled using 4-node elastic diaphragm elements. The procedure utilizes an iteration strategy applied to an implicit time-integration scheme to solve the nonlinear equations of motion at each time step. Geometric nonlinearity is included. An overview of the procedure and the theories for the panel zone and the plastic hinge elements are presented in this paper. The theory for the elastofiber element along with illustrative examples are presented in a companion paper. The plastic hinge beam element consists of two nodes at which biaxial flexural yielding is permitted, leading to the formation of plastic hinges. Elastic rotational springs are connected across the plastic hinge locations to model strain-hardening. Axial yielding is also permitted. The panel zone element consists of two orthogonal panels forming a cruciform section. Each panel may yield and strain-harden in shear.
Introduction
A number of nonlinear analysis programs incorporating various types of beam and column elements have been developed by research groups in seismic engineering. These include OpenSees ͑Mazzoni et al. 2005͒, ANDERS ͑Carlson 1999͒, CU-DYNAMIX ͑El-Tawil and Deierlein 1996͒, DRAIN2DX ͑Allahabadi and Powell 1988͒, DRAIN3DX ͑Powell and Campbell 1994 Prakash et al. 1994͒, FEDEAS ͑Filippou and Romero 1998͒, IDARC ͑Park et al. 1987 Kunnath et al. 1992; Kunnath 1995͒, IDARC3D ͑Lobo 1994͒, and ISTAR-ST ͑Lobo et al. 1998͒ . A summary of their capabilities is provided by Carlson ͑1999͒.
Of these, the programs that are capable of three-dimensional modeling are OpenSees, ANDERS, DRAIN3DX, and IDARC3D. OpenSees is a software framework for simulating the seismic response of structural and geotechnical systems. It includes beamcolumn elements with distributed plasticity integrated along the length of the element. A corotational geometric transformation enables the modeling of large displacements. ANDERS models buildings using planar frames arranged in an orthogonal pattern. Two-dimensional multisegment fiber elements are employed except for columns at the intersections of the frames where threedimensional fiber elements are used to model biaxial bending behavior. The orthogonal frames are constrained to move together at the floor levels using a master-slave constraint. P − ⌬ effects on frame columns in the planes of the frames are automatically accounted for through geometric updating. P − ⌬ effects due to outof-plane displacements are accounted for by applying appropriate force couples on orthogonal frames. DRAIN3DX includes a fully discretized fiber element with a trilinear axial stress-strain law for the fibers. P − ⌬ effects are included by adding geometric stiffness to the tangent stiffness matrix for each element and accounting for second order effects in the resisting force computation. IDARC3D is a program developed for the modeling of reinforced concrete structures in which beams and columns are modeled as inelastic single component elements with distributed flexibility. Beamcolumn elements are modeled using flexural springs with a multilinear moment-curvature relationship. Shear deformations are included. Axial deformation is included in the columns but its interaction with bending strength is not. During the time-history analysis, updating of stiffness matrices is carried out only in the event of a stiffness change and a single-step force-equilibrium correction procedure is used. P − ⌬ effects are accounted for by a simple equivalent force method.
The computational challenges posed by three-dimensional seismic analysis of tall buildings are addressed here by the development of a comprehensive nonlinear finite element analysis program, FRAME3D ͑http://www.frame3d.caltech.edu͒. The focus is on steel moment-frames, although braced frames can also be modeled with slight modifications.
There are two distinguishing features of the program. First, a geometric updating feature is provided to accommodate large translations and rotations of the beam elements. This automatically accounts for P − ⌬ effects and allows the analysis to follow a building's response well into collapse. Considerable detail is provided here to document the geometric updating capability. Second is the use of computationally efficient elements which incorporate the important types of nonlinear behavior. Full threedimensional analyses can be made of large, complex structures. At the present time, the element library of FRAME3D includes the following finite elements: ͑1͒ three-dimensional plastic hinge element to model beams and columns, ͑2͒ three-dimensional elastofiber element to model beams and columns, ͑3͒ threedimensional panel zone element to model the beam-to-column joints in frames, and ͑4͒ elastic diaphragm element to model the in-plane action of floors and roofs that tie the frames together. The first three element types contain material nonlinearity, and the plastic hinge and elastofiber elements include geometric stiffness.
An overview of the analysis procedure which is the basis for this program is presented in this paper along with the theories for the panel zone element and the plastic hinge element. The theory for the elastofiber element and illustrative examples are given in a companion paper.
Description of Model
The three-dimensional structural model of framed buildings considered here consists of grids of beams and columns. The setup of the model is comprised of three element classes: panel zone elements, beam elements for beams and columns, and diaphragm elements for floors and roofs. The arrangement of these elements in a typical structural model is illustrated in Fig. 1 . The two beam element types can be used for either beams or columns. Full geometric updating is included in both static and dynamic analyses. This involves updating the locations of the joint nodes, attachment points, and the local beam nodes ͑shown in Fig. 1͒ as well as the orientations of the local element coordinate systems.
Panel Zone Element
This element models nonlinear shear deformation in the region of the joint where the beams and columns intersect. The joint region consists of a length of column within the depth of the connecting beams. The shear deformation is due primarily to opposing moments from the beams and columns at the joint caused by the frame being subjected to lateral loads ͑Fig. 2͒. Each panel zone element is associated with a joint node J, K, etc. at the center of the joint where the global degrees of freedom ͑DOF͒ are defined. Each panel zone element consists of two orthogonal panels ¬ and − which always remain planar and orthogonal. Edges of these panels contain attachment points a, b, c, and d, where beams attach and e and f on the top and bottom where columns attach. The theory of the panel zone element is presented later in this paper.
Beam Element
This element is used to model beams and columns. Two types of beam elements have been developed: plastic hinge type and elastofiber type. The plastic hinge element has two nodes with local node numbers 1 and 2, while the elastofiber element consists of three segments with four nodes. The exterior nodes at the ends of the elastofiber element are numbered 1 and 2, while the interior nodes are numbered 3 and 4. Both types of beam elements consider nonlinear behavior for flexural and axial deformations. Geometric stiffness, i.e., the effect of axial load on flexural stiffness, is included. The theory of the plastic hinge element is presented later in this paper and that of the elastofiber element is presented in the companion paper.
Diaphragm Element
This element is used to model the in-plane stiffness of floor slabs. It is essentially a 4-node plane-stress element connecting to joint nodes J, K, L, and M. Details of the diaphragm element are given by Krishnan ͑2003͒. Its behavior is linearly elastic.
Coordinate Systems
Various coordinate systems are used in the structural model; each set of axes is right-handed and orthogonal. XYZ is the global, fixed coordinate system that is used to define the structure in space. The coordinates of the joint nodes, attachment points, and local beam nodes are with respect to this coordinate system. The Z axis is oriented vertically. Other coordinate systems are local and are associated with the elements. Separate X Ȳ Z systems are used for each panel zone element, and separate XЈYЈZЈ systems are used for each plastic hinge element and each segment of each elastofiber element. These local coordinate systems translate and rotate with their associated elements and segments. The orientations of the local axes are defined later, except that it is now noted that Ȳ is perpendicular to panel ¬ of a panel zone element, Z is perpendicular to panel −, and X is along the panel intersection line e-f.
Structure Degrees of Freedom
The global degrees of freedom are associated only with the nodes J, K, etc. at the joints. The structural model consists of eight global DOF at each node, J. These DOF are listed below. Note that the translational DOF are with respect to the global axes X, Y, Z, and the rotational DOF are with respect to the local sets of panel zone axes, X , Ȳ , Z . The four B and C DOF are shown in Fig. 3 in terms of three translational and three rotational DOF at each of the local nodes ͑1 and 2 for plastic hinge element and 1, 2, 3, and 4 for elastofiber element͒. However, none of these DOF appear in the global equations. Appropriate stiffness terms from the beam elements are assembled into the global DOF through transformation matrices based on the geometry of the deformed panel zone elements.
Base Condition
Additional modeling considerations, not discussed here in detail, can be employed at the base of the building or at basement levels. Stiffnesses representing foundation flexibility can be assembled into translational DOF in contact with the ground, or those DOF are fixed if the foundation can be assumed to be rigid. Flexible basement walls on the perimeter can be modeled with wall elements, or, again, appropriate DOF are fixed if such walls can be assumed to be rigid. Hall ͑1995͒ contains examples where foundation flexibility and basement walls are considered.
Equations of Motion and Solution Process
The matrix equation of motion of the building ͑Cook et al. 1989; Chopra 1995͒ as a function of time, t, is
In the above, 1. ͕U͑t͖͒ = vector of global displacements at time, t, comprising the eight global translations and rotations at each node, J, K, etc., not including the fixed support DOF; 2. ͕U ͑t͖͒, ͕Ü ͑t͖͒ = vector of nodal velocities and accelerations, respectively, corresponding to the global translations and rotations at each node; 3. ͓M͔ = structure mass matrix. The mass in the structural system is lumped at the joint nodes, rendering the mass matrix diagonal. Further, the rotary inertia of the lumped nodal masses is neglected, so the only nonzero terms of the mass matrix are the diagonal terms corresponding to the translational degrees of freedom; 4. ͓C͔ = structure damping matrix. Damping is assumed to be of the Rayleigh type ͑stiffness and mass proportional͒. Thus the damping matrix is computed as
where a 0 and a 1 = user defined proportionality constants. The initial elastic stiffness matrix is used in the above computation; 5. ͕R͑t͖͒ = vector of stiffness forces corresponding to the configuration ͕U͑t͖͒. It is computed considering all material and geometric nonlinear effects; 6. ͕f g ͖ = vector of static gravity loads for which a static analysis is performed first; 7. ͕Ü g ͑t͖͒ = vector consisting of two horizontal components ͑X and Y͒ and one vertical component ͑Z͒ of the free-field ground acceleration at time t. The ground motion is assumed spatially uniform; and 8. ͓r͔ = three-column matrix of zeroes except for ones in the first, second, and third columns in the positions corresponding to the X, Y, and Z translational DOF, respectively. The nonlinear effects contained in ͕R͑t͖͒ can be linearized over the time interval between t and t + ⌬t as
where ͓K T ͔ = tangent stiffness matrix corresponding to the configuration ͕U͑t͖͒. Eq. ͑3͒ is substituted into Eq. ͑1͒ written at time t + ⌬t along with the following relations representing a constant average acceleration over the time step ⌬t
The result is
The solution of Eq. ͑5͒ for ͕⌬U͖ leads to the new displacements via
Once ͓K T ͔ and R are updated to time t + ⌬t and ͕U ͑t + ⌬t͖͒ and ͕Ü ͑t + ⌬t͖͒ are determined from Eqs. ͑4a͒ and ͑4b͒, the next time step can commence. This process continues forward in time step by step. However, since it is unlikely that the linearization in Eq. ͑3͒ will hold throughout the entire time step without ͓K T ͔ changing, iterations are used within each time step. In iteration l, displacement configuration ͕U l ͖ has been reached, and the equation to be solved uses ͓K T l ͔ and ͕R l ͖ corresponding to this configuration
The solution of Eq. ͑7͒ leads to ͕⌬U͖ which adds to ͕U l ͖ to give ͕U l+1 ͖. The next iteration uses the updated values of ͓K T l+1 ͔ and ͕R l+1 ͖ corresponding to configuration ͕U l+1 ͖. Iterations continue until convergence, and then the next time step begins.
For nonlinear problems, the basic computational task is to update ͓K T l ͔ and ͕R l ͖ using ͕⌬U͖. The updating is done at the element level and then assembly is used to construct ͓K 
The subscript L indicates that the vector contains terms for the element's 12 DOF at its local nodes 1 and 2. 3. The element's displacement increments ͕⌬U ph
͖ L are transformed to the 16 global DOF at nodes J and K using the matrix ͓T ph l+1 ͔ updated to the l + 1 configuration
The updating process is a little different for the other element types. Since the B and C degrees of freedom for the panel zone element are also global degrees of freedom, no transformation with a T matrix is necessary. Some additional steps are necessary for the elastofiber element because the presence of interior nodes means that a nonlinear structural analysis problem must be solved for each element, using iterations. These iterations are within those performed during the global solution process. Details for the panel zone and plastic hinge beam elements are provided in the next few sections. Parts dealing with the element tangent stiffness matrices use a differential notation since tangent is a limit concept.
Panel Zone Element

General Description
Each joint is modeled by a panel zone element consisting of a length of column within the depth of the connecting beams. This implies that one column, the associated column of the joint, runs continuously through the height of the joint. The panel zone element is an idealization of the joint region of this column. It consists of two rectangular panels which are perpendicular to each other, panel ¬ in the X -Z plane and panel − in the X -Ȳ plane, forming a cruciform section ͑Figs. 1 and 4͒. The thicknesses of all web plates and web doubler plates of the associated column are combined to form the thickness of panel ¬, t p ¬ , while the thicknesses of all flange plates of the associated column are combined to form the thickness of panel −, t p − . The depth D of the joint is taken to be equal to the depth ͑dimension along the minor axis ZЈ͒ of the associated column. The width W of the joint is taken to be equal to the width ͑dimension along the major axis YЈ͒. The height H of the joint is taken to be equal to the depth of the deepest beam framing into that joint. Beams and columns modeled using beam elements connect to the panel zone element at the midpoints of the edges of the two panels. These connection points are referred to as attachment points. There are six attachment points, a through f. Attachment points a, b, c, and d are reserved for beams, while attachment points e and f are reserved for columns. The panels are assumed to deform only in shear as a result of the end moments and shears of the attached beams and columns. However, they remain planar and perpendicular to each other at all times. The relation between the shear stress and the shear strain ␥ in each panel can be a nonlinear relation. Detailed experimental ͑Bertero et al. 1972; Popov and Petersson 1978; Kato 1982; Popov 1982͒ and analytical ͑Fielding and Chen 1973; Pinkney 1973; Krawinkler et al. 1975; Popov and Petersson 1978; Kato 1982͒ studies have been carried out on steel-frame joints and have resulted in a much better understanding of their hysteretic behavior. A hysteretic model ͑Hall and Challa 1995͒ is implemented here as described in the next section.
Each panel has two degrees of freedom as shown in Fig. 3 : JȲ B and JȲ C for panel ¬ and JZ B and JZ C for panel −, where J = global node at the center of the joint. These DOF are also global DOF. Strain or rotation in one of the panels causes a rigid body rotation but no strain in the orthogonal panel.
The joint coordinate system X Ȳ Z with origin at the center of the joint ͑at the node͒ is defined as follows: 1. X axis is oriented from attachment point f to attachment point e of the joint. As the panel zone element moves and deforms, X follows the f-to-e orientation. 2. Ȳ axis is in the plane of panel − and is initially in the d-to-c direction ͑Fig. 4͒. As the panel zone element moves and deforms, Ȳ remains in the plane of panel − but it may rotate off the d-to-c direction since it must remain perpendicular to X . 3. Z axis is in the plane of panel ¬ and is initially in the b-to-a direction ͑Fig. 4͒. As the panel zone element moves and deforms, Z remains in the plane of panel ¬ but it may rotate off the b-to-a direction since it must remain perpendicular to X .
Material Model for Panel Shear
The hysteresis model for shear stress-strain behavior in a panel proposed by Hall and Challa ͑1995͒ defines a backbone curve as shown in Fig. 5 . This curve is assumed to be linear until a stress of 0.8 y is reached corresponding to a strain of 0.8␥ y , where y and ␥ y = yield shear stress and strain, respectively. The ultimate shear stress u of the panel zone is assumed to be equal to 2.35 y , with an ultimate shear strain ␥ u of 100␥ y . These control points are selected based on monotonic test data on panel zones in beam-column assemblages ͑Kato 1982͒. The post-yield behavior is influenced by the resistance of the panel boundary elements ͑column flanges and continuity plates͒, and the restraint to defor- mation of joint-panel by the adjacent beam and column webs, in addition to the strain-hardening of the panel plate. The postultimate behavior is assumed to be perfectly plastic. The curve between the joint shear strain limits of 0.8␥ y and 100␥ y is defined by a quadratic ellipse. Hysteresis loops are defined by linear segments and cubic ellipses, and the hysteresis rules to define the cyclic response of each panel are given by Challa ͑1992͒. These rules are the same as those used for each fiber in an elastofiber element and are illustrated in Fig. 3 of the companion paper. The four edge forces form a double couple of amplitude ¬ t p ¬ HD. The halves of this double couple are the panel moments which correspond to the two rotational DOF and can be written as
Theory of Panel Zone Element
The shear stress ¬ is related to the shear strain ␥ ¬ by the incremental relation
where G T ¬ = tangent shear modulus. The incremental shear strain is related to the degrees of freedom by
Combining Eqs. ͑12͒ and ͑13͒ with the incremental version of Eq. ͑11͒ leads to
which is the tangent relation for panel ¬.
A similar treatment for panel − results in the following tangent relation:
Combining Eqs. ͑14͒ and ͑15͒ leads to
where ͕dR pz ͖ = incremental version of
͓K T,pz ͔ =4ϫ 4 tangent stiffness matrix for the panel zone element, and
Updating Process
In global iteration l, ͕⌬U͖ is computed from Eq. ͑7͒. The four rotation increments for a panel zone element,
and ⌬ JZ C , are extracted from ͕⌬U͖ and placed in ͕⌬U pz ͖. The coordinates of node J of the panel zone element are updated using ⌬U JX , ⌬U JY , and ⌬U JZ , also obtained from ͕⌬U͖. Using the new location of node J and the incremental rotations ͕⌬U pz ͖ the updated coordinates for attachment points a through f and the updated orientations for the X , Ȳ , and Z axes are found. The procedure for this geometry updating is given by Krishnan ͑2003͒. Also updated are angles ¬ and − used in the plastic hinge element formulation described later.
Shear strain increments in the two panels are computed as
from which the updated shear strains are The updated shear stresses ¬,l+1 and −,l+1 can now be found using the material model described previously. From Eq. ͑11͒, the moments for panel ¬ are
Similarly, the moments for panel − are given by
Then, as in Eq. ͑17͒,
The element tangent stiffness matrix can be updated once the tangent shear moduli G T ¬,l+1 and G T −,l+1 are found for each panel. This information is available as a result of computing ͕R pz l+1 ͖, after which ͓K T,pz l+1 ͔ can be found from the formulas in the previous section.
Since the rotational DOF of the panel zone element are also global DOF, no transformations of ͕R pz l+1 ͖ and ͓K T,pz l+1 ͔ are necessary before they are assembled into the global equations.
Three-Dimensional Plastic Hinge Beam Element
General Description
The following assumptions are made in the formulation of this element: 1. The cross section is uniform along the length of the element; 2. The cross section is doubly symmetric ͑with shear center at the centroid͒; 3. Plane sections remain plane; however, they do not have to remain normal to the beam axis. Thus shear deformations are included; 4. Strains in the element are small; 5. Lateral deflections relative to the chord are small. This means that the effect of bowing ͑Oran 1973a,b; Kassimali 1983͒ on axial stiffness is neglected. This effect is important only for very slender members or during postbuckling of compression members such as braces in braced frames; 6. Warping restraint under twisting is neglected; and 7. The element is not loaded along its span.
The plastic hinge beam element has two nodes which connect to the attachment points a through f of the panel zone element. It can model beams and columns in framed structures. Columns connect to attachment points e and f while beams connect to attachment points a through d. The beam element along with its degrees of freedom is shown in Fig. 7 . Original length of the element is L 0 .
The plastic hinge element local coordinate system XЈYЈZЈ is defined as follows: 1. XЈ axis runs along the longitudinal axis of the element at the centroid of the cross section. It is defined as a vector from node 1 to node 2 which are also located at the centroid; 2. YЈ axis is orthogonal to XЈ and is the major principal axis of the cross section; and 3. ZЈ axis is the minor principal axis of the cross section.
The major and minor principal axes YЈ and ZЈ of the cross section are oriented using a user-defined orientation angle ␣ or ͑Krishnan 2003͒.
Degrees of Freedom, and Nodal Forces and Moments
The degrees of freedom ͑Fig. 7͒ of the plastic hinge element are 1. U 1 , U 2 = XЈ translations of nodes 1 and 2, respectively; 2. V 1Y Ј , V 2Y Ј = YЈ translations of nodes 1 and 2, respectively; 3. V 1Z Ј , V 2Z Ј = ZЈ translations of nodes 1 and 2, respectively; 4. ␣ 1 , ␣ 2 = rotations about XЈ at nodes 1 and 2, respectively; 5. 1Y Ј , 2Y Ј = rotations about YЈ at nodes 1 and 2, respectively; and 6. 1Z Ј , 2Z Ј = rotations about ZЈ at nodes 1 and 2, respectively. Corresponding to these DOF are nodal forces and moments ͑Fig. 7͒: 1. P 1 , P 2 = forces in XЈ direction at nodes 1 and 2, respectively; 2. Q 1Y Ј , Q 2Y Ј = forces in YЈ direction at nodes 1 and 2, respectively; 3. Q 1Z Ј , Q 2Z Ј = forces in ZЈ direction at nodes 1 and 2, respectively; 4. T 1 , T 2 = moments about XЈ at nodes 1 and 2, respectively; 5. M 1Y Ј , M 2Y Ј = moments about YЈ at nodes 1 and 2, respectively; and 6. M 1Z Ј , M 2Z Ј = moments about ZЈ at nodes 1 and 2, respectively.
Internal Forces and Moments
The internal forces and moments in the plastic hinge beam element are the axial force, P, the shear forces in the YЈ and ZЈ directions, Q Y Ј and Q Z Ј , respectively, the twisting moment ͑torque͒, T, and the bending moments about the YЈ and ZЈ axes, M Y Ј and M Z Ј , respectively. The sign convention ͑positive directions͒ for these forces and moments is shown in Fig. 8 . 
Material Nonlinearity
Two types of material nonlinearity are considered. 1. Axial yielding when axial force P in the element reaches the yield axial force P y which is given by
where y = yield stress of the material and A = area of the cross section. 2. Flexural yielding when the bending moment M Y Ј or M Z Ј at the ends of the element reaches the plastic moment capacity M pY Ј or M pZ Ј which depend on the axial force P as shown in Fig. 9 . The plastic moment capacities when P = 0, denoted by M pY Ј 0 , and M pZ Ј 0 , are given by
where Z Y Ј and Z Z Ј = plastic moduli of the cross section of the element about its major and minor axes, respectively. Once
further loading causes a kink, termed a plastic hinge, to form in the beam at that node. Between these plastic hinge locations, the beam behaves elastically. To approximate the effect of strain hardening, elastic rotational springs are mounted across the plastic hinges to exert moments proportional to the kink angles about the YЈ and ZЈ axes.
Transformation Matrix, †T ph ‡ ͓T ph ͔ = transformation matrix between the 16 global DOF at the nodes J and K of the joints, ͕⌬U ph ͖, and the 12 local degrees of freedom at nodes 1 and 2, ͕⌬U ph Ј ͖ L . For notational purposes, it is assumed that node 1 of the element connects to one of the attachment points at node J and that node 2 of the element connects to one of the attachment points at node K. The transformation is carried out in four steps for displacement increments
The global displacement increments in ͕⌬U ph ͖ are listed as
In ͕⌬U ph ͖, translational DOF are with respect to XYZ; rotational DOF are with respect to the respective X Ȳ Z 's at the nodes J and K. The first transformation
where the translational DOF are also now with respect to the X Ȳ Z 's at nodes J and K. The second transformation
where the eight DOF at node J have been transformed to the six local beam DOF at node 1 ͑still in node J's X Ȳ Z ͒ and the eight DOF at node K have been transformed to the six local beam DOF at node 2 ͑still in node K's X Ȳ Z ͒. The subscript L denotes the presence of the terms for the 12 DOF at local nodes 1 and 2. The third transformation
where all DOF are now in XYZ. Finally, the fourth transformation
where all DOF are now in the beam element's local XЈYЈZЈ.
Combining the above leads to
where
The components ͓T 1 ͔, ͓T 3 ͔, and ͓T 4 ͔ are defined below.
where ͓I͔ =5ϫ 5 identity matrix and ͓C J ͔ = matrix consisting of the direction cosines of the panel zone coordinate system X Ȳ Z at joint node J with respect to the global coordinate system XYZ, similar for ͓C K ͔ at joint node K.
where ͓CЈ͔ = matrix consisting of the direction cosines of the beam local coordinate system XЈYЈZЈ with respect to the global coordinate system XYZ. ͓T 2 ͔ is different for beams and columns. It also depends on the attachment points to which the element local nodes 1 and 2 are connected at nodes J and K. As an example, the following matrix is derived for a column whose local node 1 connects to attachment point f at node J and local node 2 connects to attachment point e at node K. The deformed panel zone geometry which is the source of some of the terms of ͓T 2 ͔ for a column is shown in Fig. 10 . For instance, an incremental twist in the joint ͑about the joint X axis͒ leads to an equal amount of incremental twist in the columns that the joint is part of. Hence term ͓4,4͔ of the ͓T 2 ͔ matrix in Eq. ͑36͒ is 1.0. 
΅ ͑36͒
The deformed panel zone geometry for calculating some of the terms of ͓T 2 ͔ for a beam is shown in Figs. 11 and 12. As another example, the following matrix is derived for a beam whose local node 1 connects to attachment point a at node J and local node 2 connects to attachment point b at node K. For instance, an incremental twist in the joint leads to a translation of all the beam attachment points of the joint ͑as shown in Fig. 12͒ . Hence term ͓2,4͔ of the ͓T 2 ͔ matrix in Eq. ͑37͒ is −0.5D J cos J ¬ . The angles ¬ and − , the latter needed for a beam which connects to attachment points c and d, are defined in Fig. 11 . The details of how the ͓T 2 ͔ matrix is computed in other instances are given in Krishnan ͑2003͒.
Development of Tangent Stiffness Matrix
Axial Deformation
The axial force P in the element is a function of the axial strain ⑀ as shown in Fig. 13 . ⑀ = axial strain at the centroid of the cross section. Increments in P and ⑀ are related by
where E T = tangent modulus, either Young's modulus E or zero as shown in Fig. 13 , and A = area of the cross section. The tangent stiffness relation for the nodal forces P 1 and P 2 associated with axial deformation is given by
Twisting Twisting is assumed to be linearly elastic with increments in torque T and twisting strain ͑twist per unit length͒ related by
where G = shear modulus and J = torsional constant of the cross section. The tangent stiffness relation for the nodal forces T 1 and T 2 associated with twisting deformation is given by
Bending and Shearing in XЈ-ZЈ Plane (Bending about the Major Axis of the Cross Section) Fig. 14 shows the plastic hinge beam element with the plastic hinges located along the beam just inside the nodes ͑"inside" means the side towards the middle of the beam͒. 1Y Ј and 2Y Ј = YЈ rotations of the cross section between the plastic hinges and the nodes, and 1Y Ј and 2Y Ј are the YЈ rotations of the cross section just inside the plastic hinges. These rotations are relative to the chord ͑straight line connecting nodes 1 and 2͒. Since the behavior between the plastic hinges is elastic, 
where a, b, and c depend on E, the moment of inertia I Y Ј about the major axis, G ͓since shear deformations will be included ͑Przemeniecki 1968͔͒, the effective shear area A SZ Ј as shown in Fig. 15 , and P ͓since effect of axial load on stiffness will be included ͑Salmon and Johnson 1980͔͒. For convenience, subscripts denoting the XЈ-ZЈ plane will be omitted on a, b, and c.
Solutions for a, b, and c ͑Hall and Challa 1995͒ come from the following differential equations:
subject to V Z Ј = 0 at nodes 1 and 2, and Y Ј = 1Y Ј at node 1 and Y Ј = 2Y Ј at node 2. In these equations, V Z Ј = ZЈ translation along the beam relative to the chord, and Y Ј = YЈ rotation of the cross section along the beam relative to the chord.
Each moment M 1Y Ј and M 2Y Ј consists of a part carried by the plastic hinge and a part carried by the rotational spring
The hinge contribution is a rigid-plastic function of the kink rotation as shown in Fig. 16 and the spring contribution is a linear function of the kink rotation
where the rotational spring constants at the two ends of the element are k 1 and k 2 ͑subscripts to indicate the XЈ-ZЈ plane are omitted for convenience͒, and 1Y Ј and 2Y Ј = kink angles given by
as shown in Fig. 14. Substituting Eqs. ͑44͒ into Eq. ͑40͒
Taking the differential form, dropping terms containing dP, and with appropriate substitutions from above, this equation can be rewritten as
where a T , b T , and c T = tangent stiffness coefficients which depend on whether plastic hinges are active during the increment ͑Table 1͒. Eq. ͑46͒ needs to be transformed and expanded to the nodal degrees of freedom. The following equations are employed: 
and the P / L 0 term is additional geometric stiffness. Combining with Eq. ͑46͒ leads to
which is the tangent stiffness relation for the nodal quantities associated with bending and shearing in the XЈ-ZЈ plane.
Bending and Shearing in XЈ-YЈ Plane (Bending about Minor Axis of Cross Section)
A formulation similar to the preceding section leads to
and a T , b T , and c T in terms of a, b, and c are as described previously except that a, b, and c use the minor axis moment of inertia I Z Ј and the effective shear area A SY Ј ͑Fig. 15͒.
Combined Results
The tangent relations in Eqs. ͑38b͒, ͑39b͒, ͑48͒, and ͑49͒ are combined into ͕dR ph
where L refers to local nodes 1 and 2, ͕dR ph
͓K T,ph Ј ͔ L =12ϫ 12 tangent stiffness matrix for the plastic hinge element, and
Updating Process
In global iteration 1, ͕⌬U͖ is computed from Eq. ͑7͒. The 12 displacement increments in XЈYЈZЈ at nodes 1 and 2 for a plastic hinge element are found as
where ͕⌬U ph ͖ contains the 16 terms extracted from ͕⌬U͖ corresponding to joint nodes J and K connected to element nodes 1 and 2, and ͓T ph l ͔ = transformation matrix representing configuration l. Updating the panel zone element geometries as discussed previously will produce new locations for the attachment points, from which new X , Ȳ , and Z orientations can be found, leading to ͓C J l+1 ͔ and ͓C K l+1 ͔ and then ͓T 1 l+1 ͔ and ͓T 3 l+1 ͔ by Eqs. ͑33͒ and ͑34͒, respectively. Updating ¬ and − leads to ͓T 2 l+1 ͔ for a beam ͓Eq. ͑37͒ for example͔; ͓T 2 l+1 ͔ for a column does not need updating ͓Eq. ͑36͒ for example͔. The new attachment point locations also give the new locations for nodes 1 and 2, and these will give the updated direction for the XЈ axis of the plastic hinge element. Next, the updated value for ␣ or is found as Fig. 16 . M h -relation at a plastic hinge from which the new directions for YЈ and ZЈ are found. The updated direction cosine matrix ͓CЈ l+1 ͔ is then used to form ͓T 4 l+1 ͔ by Eq. ͑35͒. Then
the nodal axial forces P 1 l+1 and P 2 l+1 . Once the locations for nodes 1 and 2 are determined, the new element length L l+1 can be found. Then
and
Using ⑀ l and ⌬⑀, P l+1 can be found from Fig. 13 . Then
Next consider the nodal torques T 1 l+1 and T 2 l+1 . The increment in twisting strain is
and then
Nodal values are
Next is the XЈ-ZЈ plane bending and shearing. The l + 1 state will correspond to one of nine plastic hinge cases which are listed in Table 2 . The procedure is as follows. The nodal rotations are first updated as
Second, the plastic moment capacity is updated to M pY Ј l+1 according to Fig. 9 
͑59͒
For XЈ-YЈ plane bending, Q 1Y Ј l+1 , M 1Z Ј l+1 , Q 2Y Ј l+1 , and M 2Z Ј l+1 are found by a procedure similar to the one just described. Then the 12 updated nodal forces and moments are assembled into ͕R ph Ј l+1 ͖ L . The element tangent stiffness matrix can be updated once the updated axial force P l+1 and the appropriate plastic hinge cases for the XЈ-ZЈ and XЈ-YЈ planes are determined. This information is available as a result of computing ͕R ph Ј l+1 ͖ L , after which ͓K T,ph Ј l+1 ͔ L can be found from the formulas in the preceding section.
The final step is the transformation to the global DOF
and then assembly into ͓K T l+1 ͔ and ͕R l+1 ͖.
Use of Interior Nodes
A multisegment plastic hinge element with interior nodes can extend the formulation of the 2-node element just described. Static gravity loads can be applied to the interior nodes, relieving the assumption of no along-span loads. With geometric updating, the effects of bowing on axial stiffness are incorporated, and the element can be used as a brace with post-buckling behavior included. The extra DOF associated with the interior nodes can be condensed out so that the number of global DOF does not increase. This process is described by Hall and Challa ͑1995͒ where an example of a two-segment element with a single interior node at midspan acting as a brace is described. This multisegment approach can also be used to model curved members approximately. Treatment of multisegment elements with interior nodes is also provided in the companion paper for the elastofiber element.
Conclusions
A procedure for efficient three-dimensional nonlinear time-history analysis of steel-framed buildings is derived. In this method, four types of elements are employed: panel zone, plastic hinge beam, elastofiber beam, and diaphragm. The panel zone element is intended to model the three-dimensional nonlinear shear behavior of joints in steel moment-frame buildings while the plastic hinge and elastofiber elements model the three-dimensional nonlinear axial and flexural behavior of beams and column. The diaphragm element is a 4-node elastic plane-stress element which models diaphragm action of the floors and roofs of buildings. In this paper, the overall setup of the structural model, the analysis procedure, and the theory for the panel zone element and the plastic hinge beam element are described. Nonlinear panel zone shear and beam plastic hinging are included. Through geometric updating, the method allows large nodal translations and rotations so as to be able to follow the response of a building into the collapse regime. The theory for the elastofiber beam element along with illustrative examples are given in a companion paper.
